The purpose of the study was to explore differences in the coronal biomechanics of the trunk, pelvis, hip, and knee joints, and gluteus medius muscle activity (GMed) during walking and step down from two riser heights. Joint kinematics and kinetics from 20 healthy participants were recorded using a 10-camera Qualisys system and force plates, and GMed EMG was recorded using a Delsys Trigno system. Hip abductor strength was measured using a hand-held dynamometer. Pelvic obliquity and lateral trunk bending excursions were significantly higher in walking than in step-down tasks. Significantly greater knee adduction moments were seen during both step-down tasks compared to level walking with significantly greater GMed activity. However, a significant interaction between side and task was seen for hip adduction moment, with step-down tasks showing lower hip moments than during walking, with greater peak hip moments being more apparent in the dominant limb. This suggests the GMed has a greater stabilizing role during the step-down tasks, although walking required a greater mechanical demand. Health professionals should expect to find less excursion of lateral trunk bending in step-down tasks compared to level walking and consider that GMed has different roles in these two tasks.
Introduction
Walking and step tasks are commonly used in activities of daily living and during rehabilitative programs. Biomechanical data from healthy individuals is crucial as this provides baseline information in order to determine clinically important differences between healthy subjects and people who may be at risk of injury. Coronal plane movements of the trunk, pelvis, and lower-limb joints have been identified as key factors which contribute to the development of knee problems, such as patellofemoral pain (PFP) (Powers 2010) , non-contact ACL injuries (Hewett et al. 2009 ), and knee osteoarthritis (OA) (Chang et al. 2005) . Asymmetries and greater movements are often noted and associated with clinical impairment, such as lateral trunk bending, pelvic drop, and knee valgus, and have been identified as a risk factor of injury development (Zhang et al. 2008) . Powers (2003) identified that compensation of ipsilateral trunk bending in PFP contributed to an increase in knee abduction moment and greater stress on the patellar femoral joint. Such trunk compensations have also been identified in people with knee OA (Tanaka et al. 2008) , with greater knee adduction moments being linked to greater loading on the medial compartment of the knee.
The hip abductor muscles have been identified as the most important muscles to control and stabilize the pelvis during locomotion (Widler et al. 2009 ). The Gluteus Medius (GMed) muscle plays a key role in controlling the coronal pelvic motion (Flack et al. 2014 ) and any functional impairment of this muscle can lead to excessive lateral trunk bending, which can be observed in people with a variety of knee problems including knee OA (Chang et al. 2005) and PFP (Dierks et al. 2008) . Chang et al. (2005) proposed that coronal plane movement impairment in people with GMed weakness includes ipsilateral trunk bending and contralateral pelvic drop during stance, which is also a mechanism that increases the loading on the medial compartment of the knee. Therefore, this could be a major contributing factor in the development of genu varum. However, the role of the GMed muscle function during different movement tasks has not been fully explored. The coronal plane biomechanics of the trunk, pelvis, hip, and knee joints, and GMed muscle function data would be useful to enable a better understanding of movement control and for consideration in clinical practice during functional tasks or activities of daily living.
Functional tasks are frequently used in the assessment of knee problems in clinical practice to determine if CONTACT Komsak Sinsurin komsak.sin@mahidol.edu Faculty of Physical Therapy, Mahidol University, 999 Phuttamonthon 4 Road, Salaya, Nakhon Pathom 73170, Thailand abnormal movements exist, these include; level walking, step up, step down, and stair climbing. However, little or no data exists quantifying hip abductor strength, GMed activity, and the coronal plane biomechanics of the trunk, pelvis, hip, and knee during these tasks. To have baseline data of the coronal plane movements and hip abductor strength in healthy adults, this study explored differences exist in the clinical assessment of hip strength, GMed muscle activity, and coronal plane biomechanics of the trunk, pelvis, hip, and knee and whether differences exist between three clinical assessment tasks; walking, a 20 cm step down and 30 cm step down. Our hypotheses were that significantly greater movements in biomechanical parameters would be seen during step down compared to walking, and the greater the step height the greater the demand. Any side-to-side differences in the clinical hip strength assessment would be apparent in the biomechanical data and may indicate different strategies between the different tasks. These findings may increase our understanding of the interaction between trunk and pelvic control and hip and knee joint biomechanics during walking and step-down tests. This could help clinical professionals by providing reference values on the typical movement strategies and GMed activity and their association with hip strength, which would be useful when considering assessment during rehabilitation programs.
Methods

Participants
Twenty healthy participants were included in the study. Participants were excluded if they had any current musculoskeletal injuries or disorders, history of surgery or traumatic injury to the lower extremities, current or a history of medical conditions that affect movement. All participants signed a consent form before testing, and the study was approved by the Mahidol University Ethics committee.
Procedures
Electromyography data was recorded using surface EMG sensors attached over both GMed muscles using Trigno EMG sensors sampling at 2000 Hz (Delsys Inc, USA) and force data was collected using 4 AMTI BP400600 force plates at 1000 Hz (AMTI, USA), which were synchronized with a 10-camera Oqus 7 motion capture system sampling at 200 Hz (Qualisys, Gothenburg, Sweden). Twentytwo reflective markers were attached over the bony prominences of both sides including; acromion process, anterior superior iliac spine (ASIS), posterior superior iliac spine (PSIS), lateral and medial femoral epicondyle, lateral and medial malleolus, distal head of the first metatarsal, distal head of the fifth metatarsal, proximal head of the fifth metatarsal, and heel. In addition, five clusters of 4 markers were placed on the spinous process of 10th thoracic spine, lateral thigh, and lateral shank. Before EMG sensor placement, alcohol wipes were used to clean and reduce skin resistance over the target area. The European Recommendations for Surface Electromyography (SENIAM) were used to determine the location of the EMG sensors.
Walking and step-down tests
Participants were asked to stand in the middle of the capture space and a static anatomical trial was recorded. Participants were then asked to perform walking and step tasks, respectively. Four step-down tasks were performed; non-dominant limb (NDL) and dominant limb (DL) from 20 to 30 cm step heights in a randomized order. The lower-limb dominance was determined as the preferred leg to kick a ball for maximal distance (Distefano et al. 2009 ).
All participants were asked to walk at their usual speed, for the step-down tasks, participants were asked to stand on two heights of wooden step and step down bringing both feet together on the bottom step with comfortable speed. Five successful trials from each side and each step height were recorded.
Clinical hip abductor strength and maximum voluntary isometric contraction (MVIC) test
After the walking and step-down tasks, the participants' hip abductor strength was tested using a commonly used clinical method (Kim et al. 2018) . The participant was positioned in a neutral anatomical side-lying position with the tested leg being above the contralateral limb ( Figure 1 ). The participants were then asked to abduct their leg with maximum force for 3 s sideways, i.e. towards the ceiling, pushing against a hand-held dynamometer (Model 01165, Lafayette Instrument Company, USA). A hand-held dynamometer is an inexpensive piece of equipment, which can provide good reliability, and has previously been shown to have a moderate to high correlation with isometric dynamometers (Arnold et al. 2010) . To ensure the abductor muscle strength was tested and the lower limb did not rotate externally, the participants were instructed to ensure their toes were pointed horizontally during the contraction. The force exerted in this position against the dynamometer was recorded and the moment arm of the adduction/abduction axis of the hip joint was measured using a tape measure from the level of the dynamometer to the greater trochanter. These measurements were used to calculate the maximum hip abductor strength (Nm) during an MVIC test as the product of the force (N) and moment arm (m). EMG data was also recorded during the strength test which was then used to normalize all EMG signals to the maximum voluntary contraction. Three repetitions of the strength test were measured for each side and the order of NDL and DL strength testing was randomized, with at least 30 s rest between trials.
Data analysis
Marker coordinates, ground reaction force, and EMG data were exported from Qualisys Track Manager to Visual 3D software. A three-dimensional model was constructed in Visual 3D (C-Motion, Rockville, MD, USA). Marker coordinates and force data were filtered using a second-order zero-lag Butterworth digital filter with cut-off frequencies of 6 Hz and 40 Hz, respectively. The static anatomical trial was captured in static standing and the data was used to define and set up the link model of bony segments including the pelvis, thigh, lower leg, and foot segments. This was then applied to the motion trials.
The segment coordinate system of the pelvis was defined by the ASIS and PSIS markers, from which the hip joint center was calculated automatically (Bell et al. 1990 ) when applied V3D_Composite pelvic segment. The thigh segment coordinate system was defined by the hip joint center and the medial and lateral femoral epicondyles, the shank coordinate system was defined by the medial and lateral femoral epicondyles and medial and lateral malleolus, and the foot coordinate system was defined by the mid-point between the medial and lateral malleolus and the mid-point between the distal head of the first metatarsal and distal head of the fifth metatarsal.
For the walking trials, the stance phase was defined by heel strike to heel strike, and for the step-down trials the stance phase was defined between the toe-off of the contralateral foot to the initial contact on the lower step. The average values from the successful trials for each limb and each step height were reported and analyzed. Contralateral pelvic drop angle, pelvic obliquity excursion angle, lateral trunk bending excursion angle, and peak hip and knee adduction moments (Nm/kg) were reported and compared between each limb and task.
EMG data from each muscle was collected with a bandpass frequency of 20 Hz to 450 Hz and then fullwave rectified. In addition, a 500 ms window EMG of MVIC test was selected for normalization purposes and the average EMG during stance phase was reported as a percentage of MVIC. EMG data from one participant was incomplete. Therefore, the EMG findings were reported from 19 participants.
Statistical analysis was performed using SPSS version 17. All kinetic and kinematic data were examined for normality and found suitable for parametric testing. Statistical significance was set at an alpha level of p ≤ 0.05. Paired T-tests were used for statistical comparison of hip abductor strength between limbs and two factor (2 × 3) repeated measure ANOVA tests were conducted to explore the effect of limbs and tasks and the interactions between these factors. Where significant main effects were seen, post hoc pairwise comparisons were performed. Average GMed EMG data was found to be non-normally distributed; therefore, a Friedman test was used to analyze the effect of task and individual comparisons were performed using Wilcoxon Signed Ranks tests.
Results
All participants were right leg dominant and age, BMI, and hip strength are reported in Table 1 . Pelvic drop to the opposite side and pelvic obliquity excursion were significantly higher in walking than in both step-down tasks (F (1.28, 24.328) = 5.795, p = 0.018, and F (1.058, 20.109) = 24.937, p < 0.001), as was lateral trunk bending excursions (F (1.111, 21.104) = 40.428, p < 0.001). In addition, significantly greater knee adduction moments (F (1.349, 25.635) = 16.671, p < 0.001) were observed. Friedman test showed a significant difference in GMed activity (p < 0.001) with a Chi-square value of 28.526 between functional tasks. Greater average GMed activity (p < 0.05) was seen during both step-down tasks compared to level walking. No significant difference was seen in the clinical hip abductor strength measurements between dominant and non-dominant sides. However, a significant interaction between side and task was seen for hip adduction moment (F (2, 38) = 12.585, p < 0.001), with step-down tasks showing a lower hip adduction moment than walking. All significant main effects are presented in Table 2 , and pairwise comparisons between tasks are shown in Table 2 and Figure 4 , and the ensemble graphs of kinematics, kinetics, and GMed muscle activity are shown in Figures 2-4 .
Discussion
In clinical assessment, level walking and step-down tasks are typically used to observe movement symmetry and to determine if any abnormal movements exist. Data from healthy individuals is crucial for understanding the normal movement in order to determine clinically important differences between healthy subjects and people who may be at risk of injury. The purposes of this study were to explore the differences in a clinical assessment of hip strength, GMed muscle activity, coronal plane movements of the trunk and pelvis and moments in the hip and knee joints during walking and step-down tasks, and to determine if any side-to-side differences exist between limbs. All participants in the current study were healthy.
The tasks chosen in this study were common activities of daily living and aimed to give incremental challenges to knee, hip, and trunk control. All parameters were focused on single-limb stance; however, the functional purpose of the single-limb stance during walking and step down is different. During walking the stance limb accepts the body weight from foot contact to push-off phase in order to move the body in a forward direction, whilst during step down the function of the single-limb stance is to control the body descent and allow forward progression without collapsing. Typically, the knee and hip show greater closedchain ranges of motion during step down than during walking (Andriacchi et al. 1980) . Difficulty with walking and stair climbing is typically reported in older adults with knee OA (Guccione et al. 1994; Murray et al. 2013) , with the greatest difficulty and knee loading reported during the descending phase of stair climbing (Kaufman et al. 2001 ).
The pelvic obliquity showed different movements between walking and step-down tests. In the first 50% of stance phase of walking, the pelvis dropped on the opposite side while during step-down tests an ipsilateral pelvic drop was seen (Figure 2 ). Contralateral pelvic drop occurred within the first 50% of stance phase during walking and the last 50% of stance phase during the step-down tests. This represents differences in the control strategies of pelvic motion in different tasks even though walking and step down are both closed-chain kinetic tasks.
No interaction effects were seen between side and task for trunk, pelvis, and knee movements and knee moments. Task effects significantly influenced pelvic drop to the opposite side, pelvic obliquity excursion, and lateral trunk bending excursion. Approximately 3 to 4 degrees of contralateral pelvic drop were observed during walking and step-down tasks (Table 2) . Surprisingly, in pelvic obliquity and lateral trunk bending excursions through stance phase, walking exhibited significantly higher values than the step-down tasks. In the current study, pelvic obliquity excursions were 9.3 degrees during walking, 5.1 degrees during the 20 cm step-down task, and 6.0 degrees during the 30 cm stepdown task. Significantly greater amounts of pelvic obliquity excursion were seen during walking than were noted during the 20 cm and 30 cm step-down tasks, 4.2 and 3.3 degrees, respectively. Chockalingam et al. (2012) studied pelvic kinematics in 14 healthy individuals during overground and treadmill walking. Less pelvic obliquity was seen during treadmill walking when compared with overground walking. They suggested that the use of a treadmill could contribute to the change in pelvic range of movement. They reported an average pelvic drop during overground walking of 6.04 degrees and 4.93 degrees for females and males, respectively.
Previous work suggests that lateral trunk bending is related to frontal plane knee moments (Powers 2010) . Trunk lateral bending excursions were 14.8 degrees during walking, 6.9 degrees during the 20 cm step-down task, and 8.6 degrees during the 30 cm step-down task. Significantly greater lateral trunk bending excursion was noted during walking when compared to the 20 cm and 30 cm step-down tasks, with a mean difference of 7.9 and 6.2 degrees, respectively. Lateral trunk motion has been associated with knee pain in people with knee OA (van der Esch et al. 2011). However, the relationship between lateral trunk motion and knee pain was weak and was also dependent on age, gender, stiffness, and maximum walking speed. van der Esch et al. reported an average lateral trunk motion of 22.7 degrees. The current study indicates that, in healthy adults, less excursion of pelvic obliquity and lateral trunk bending should be expected during step-down when compared to walking due to the need for greater stability due to the increase in balance challenge.
Knee adduction moment is associated with the loading of the medial compartment of the knee and has been suggested as an important factor in the progression of knee OA (Zhao et al. 2007; Bennell et al. 2011 ). Knee adduction moment was significantly different between tasks (P < 0.001); however, no side-to-side differences were seen. Peak knee adduction moment occurred within the first 50% of stance phase during walking and occurred within the second 50% of stance phase during the step-down tasks (Figure 3 ). Few studies have reported the normal range of frontal plane moments during locomotion. Kowalk et al. (1996) studied the frontal plane knee moments during stair climbing (20.3 cm height) in 10 adults (22-40 yrs) and reported that knee abduction moment was 48.25 Nm and 43.81 Nm for the first and second steps, respectively. In this current study we found average peak knee adduction moments of 0.71 Nm/kg, 0.66 Nm/kg, and 0.56 Nm/ kg in the 30 cm, 20 cm step-down task and walking, respectively. This indicates that, in healthy adults, the 20 cm and 30 cm step-down tasks produced 15% and 21% greater loading on the medial knee than during walking.
Electromyography is typically used to evaluate the levels of muscle activity which represents the force and work done within the muscle (Richards J. 2008) . Figure 4 shows the GMed muscle activity on the NDL and DL normalized to 100% of stance phase. The greatest GMed muscle activity during walking was seen during early stance phase whereas in step down the greatest activity was seen during mid to late stance phase, with greater activity seen in the step-down tasks, with the 30 cm and 20 cm step down on the NDL showing 58.5% and 55.3% greater GMed activity, and the DL showing 55.9% and 54.4% greater activity, respectively, when compared to level walking. This would indicate that, in healthy adults, the controlled movement during step-down tasks requires more GMed activity than during walking, irrespective of the greater hip adduction moment seen during walking.
This study highlights the importance of GMed strength in the control of the hip and pelvis during step-down, which should demonstrate less pelvic excursion than level walking. Moreover, in observational assessments, health professionals should expect to find less excursion of lateral trunk bending in step-down tasks compared to level walking, and represents the typical movement in healthy adults.
A significant interaction effect between side and task was seen for hip adduction moment (p < 0.001) (Table 2) , with greater peak hip adduction moments being more apparent in the DL than NDL sides, and walking requiring a higher mechanical demand than both the 20 cm and 30 cm step-down tasks ( Table 2) . Costigan et al. (2002) found higher peak hip adduction moments during walking (0.95 Nm/kg) when compared to stair ascent (0.8 Nm/ kg). In addition, lower knee adduction moments were observed when compared to hip adduction moment for stair ascent (0.42 Nm/kg) and walking (0.49 Nm/kg). Albeit for stair ascent, this supports the findings of this current study which showed that peak hip adduction moments were greater in walking than in step-down tasks and peak hip moments were higher than knee moments in all tasks. It is possible that, in a kinetic chain of normal movements, peak mechanical demand of hip adduction moment would be higher than knee adduction moment. Based on the anatomy of knee and hip joints, there is no muscle around the knee joint which dominantly works to control the frontal plane movement compared to the hip. Therefore, the hip joint has greater involvement with the control in the frontal plane than the knee joint. Previous studies have reported less hip adduction moment in people with moderate to severe knee OA compared to a control group (Astephen et al. 2008 ). This has led to a proposed hypothesis of decreased hip adduction moment as a result of hip abductor muscle weakness being an important factor in the progression of knee OA (Chang et al. 2005; Mundermann et al. 2005 ) and has been used as a predictive factor in subgroups in people with patellofemoral pain (Selfe et al. 2016) . Small but nonsignificant differences were seen in hip abductor strength between limbs (1.2%), with an average hip abductor strength of 1.63 Nm/kg for NDL and 1.61 Nm/kg for DL, which represents symmetry in the hip abductor strength between NDL and DL. This study indicates that the clinical strength tests in healthy adults show little difference in hip abductor strength between sides. Previous studies suggest that a 10% and 15%-20% difference in strength between limbs is the cut off to determine asymmetry in athletes and elders, respectively (Augustsson et al. 2004; Perry et al. 2007 ). However, these have mainly focused on knee strength by using an isokinetic dynamometer. The hip abductor strength test in this study was normalized by thigh length and body weight which allows the strength data to be compared with other studies. Hip abductor strength was measured using a hand-held dynamometer which is relatively inexpensive and can be used in clinical practice. A side-lying position was adopted for the strength test in this study. Widler et al. (2009) reported that side lying is the most appropriate position to record the maximum GMed strength rather than using supine and standing positions, this technique was also used by Selfe et al. (2016) to define clinical subgroups in people with patellofemoral pain. The patterns of lateral trunk bending, pelvic obliquity, knee adduction moment, and GMed muscle activity were all similar between sides; therefore, this study showed no asymmetries in the measurements taken between the NDL and DL. In addition to the use of the 95% CI of hip abductor strength (Table 1) , a value of 1.4 Nm/kg may be an appropriate threshold to determine hip abductor weakness when considering rehabilitation in adults. To the authors' knowledge, there is no evidence of normative data reporting hip abductor strength; therefore, this study provides a useful guide to clinicians to set a minimal goal during rehabilitation in adults with hip abductor weakness. However, a sample size of 20 participants is not sufficient to provide definitive normative data, and further studies are required to confirm these findings and to provide a larger sample size of normative data.
In observational assessments, less excursion of lateral trunk bending in step-down tasks should be expected when compared to level walking. This represents the typical movement in healthy adults. These findings could help clinical professionals to understand the typical movement strategies, which may be useful when comparing individuals with abnormal lower-limb movements. However, it should be noted that the data presented was from a sample of younger adults and clinical professionals should use these values with caution when considering different age groups, although the symmetry of biomechanical parameters may be appropriate in the assessment of older individuals, this requires further work to confirm this assumption.
Conclusion
The need for greater stability during step down might be the reason why lateral trunk bending and pelvic obliquity excursions exhibited higher values during walking than during the step-down tasks. The controlled descent performed by the stance limb during step-down tasks created a greater knee adduction moment than walking which was also related to step height. Higher peak hip adduction moments were noted in the DL than the NDL sides. However, walking required a greater mechanical demand with greater peak hip adduction moments than the 20 cm and 30 cm step-down tasks, although considerably greater muscle activity was required by GMed to control the hip during the step-down tasks. These findings increase our understanding of the interaction between trunk and pelvic control, and hip and knee joint moments and muscle activity during walking and step-down tasks. This could help clinical professionals to understand the relative demands of the joints and the muscle activity of GMed during these functional tasks. In observational assessments, less excursion of lateral trunk bending should be expected in step-down tasks compared to level walking.
